Rationale: Klf (kruppel-like factor) 2 is critical to establish and maintain endothelial integrity. Objective: Therefore, determining upstream and downstream mediators of Klf2 would lead to alternative therapeutic targets in cardiovascular disease management.
ndothelium integrity is essential to vascular homeostasis because a failure of this system represents a critical factor in cardiovascular and cerebrovascular disease pathogenesis. Indeed, the endothelium is involved in many physiological processes such as vascular permeability, vascular tone, blood coagulation, and regulation, as well as homing of immune cells to specific sites of the body. Conversely, endothelial dysfunction is associated with excessive vasoconstriction, especially because of impaired endothelial nitric oxide (NO) production. Also, endothelial dysfunction is characterized by abnormal vascular leakage because of altered endothelial intercellular junctions. Finally, dysfunctional endothelial cells (ECs) acquire proinflammatory and prothrombotic phenotypes by expressing increased levels of adhesion and prothrombotic molecules such as VCAM-1 (vascular cell adhesion molecule-1) and ICAM-1 (intercellular adhesion molecule-1).
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Endothelial dysfunction is known to be associated with cardiovascular risk factors, including age, diabetes mellitus, obesity, and hypertension. More specifically, it is induced by disturbed blood flow, proinflammatory cytokines, or high glucose levels.
However, molecular events triggering endothelial dysfunction remain poorly characterized. As such, the transcription factor Klf (kruppel-like factor) 2 is proposed as a critical regulator of endothelial identity and function in adults. Indeed, Klf2, known to be downregulated by disturbed blood flow, high glucose, or inflammatory cytokines, has been shown to be necessary for endothelial barrier function, 1 endothelial NO synthase expression, and endothelial quiescence, by inhibiting EC activation 2 and angiogenesis. 3 Interestingly, a paper from Ni et al 4 published in 2010 identifies Dhh (desert hedgehog) and Klf2 as mechanosensitive genes modulated in mouse carotid artery endothelium when exposed to disturbed flow.
Dhh, together with Shh (sonic hedgehog) and Ihh (Indian hedgehog), belongs to the Hh (hedgehog) family of morphogens identified nearly 4 decades ago in drosophila as crucial regulators of cell fate determination during embryogenesis. 5 The interaction of Hh proteins with their specific receptor Ptch1 (patched-1) derepresses the transmembrane protein Smo (smoothened), which activates downstream pathways, including the Hh canonical pathway leading to the activation of Gli (gli family zinc finger) transcription factors and so-called Hh noncanonical pathways, which are independent of Smo and Gli. 6 Activation of the Hh canonical pathway promotes cell survival and proliferation through the regulation of Bcl2 (B-cell leukemia/lymphoma 2), Mycn (v-myc avian myelocytomatosis viral related oncogene, neuroblastoma derived), and CyclinD1, while the noncanonical signaling has been involved in cell migration. Within the past decades, accumulating evidences suggest that the Hh signaling is essential for microvessel integrity, especially at the blood-brain barrier [7] [8] [9] [10] ; moreover, we recently demonstrated that knocking down Smo specifically in ECs leads to blood-nerve barrier breakdown in adult mice. 11 This highlights the endothelial Hh-driven regulation of neurovascular barriers.
Additionally, we and others reported that Dhh downregulation is associated to cardiovascular risk factors, such as age, diabetes mellitus, and obesity both in rodents [11] [12] [13] and in human.
14 Therefore, we hypothesized that endothelial-derived Dhh, through an autocrine signalization downstream of Klf2, is critical to maintain vascular integrity in adults. To verify our hypothesis, we first performed experiments identifying ECderived Dhh as a crucial actor in maintaining EC intercellular junction integrity and immune quiescence. In addition, we explored the therapeutic potential of the Dhh-Klf2 axis in ECs; to do so, we pharmacologically restored Dhh activity at the endothelium to regain EC function to significantly improve critical limb ischemia (CLI).
Methods
The authors declare that all supporting data are available within the article.
Human Tissue Samples
Human muscle tissues were retrieved from a library of tissues collected for a hospital clinical research program entitled Critical Ischemia of Inferior Limbs: Metabolic, Morphological and Immunohistochemical Characterization of the Involved Tissues and Hedgehog Signaling and Human Ischemic Disease. The institutional review board of each center approved the study methodology and design, and all patients provided their consent to participate in the study, after receiving written information (see Online Data Supplement for more details).
Mice
C57BL/6J mice were obtained from Charles River Laboratories and bred in our animal facility. Dhh-floxed mice (Online Figure  IA) 
Streptozotocin Treatment
Diabetes mellitus was induced in 6-week-old male C57BL/6 mice using the low-dose streptozotocin induction protocol as described in the Online Data Supplement.
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Bcl2
B-cell leukemia/lymphoma 2 
Novelty and Significance
What Is Known?
• Therapeutic angiogenesis has failed to improve the prognosis of patients with critical limb ischemia.
• Cardiovascular risk factors promote microvessel dysfunction.
What New Information Does This Article Contribute?
• Human critical limb ischemia is associated with dysfunctional capillaries rather than a decreased capillary density.
• Improving endothelial dysfunction in mice enhances ischemic skeletal muscle perfusion and prevents myopathy.
The present study identifies a novel actor of endothelial function, that is, Dhh (Desert Hedgehog), a downstream target of Klf2 (Kruppel-like factor 2). We demonstrate that in adults Dhh is expressed in endothelial cells and that its expression, as well as that of Klf2, is upregulated by shear stress but downregulated by inflammatory cytokines. Moreover, Dhh deficiency induces endothelial cell activation and capillary leakage as a result of adherens junction impairment. Because Dhh agonists can ameliorate endothelial cell function in high glucose or inflammatory conditions, we hypothesized that CLI is a result of microvessel dysfunction, rather than a decreased capillary density-an assumption that was confirmed by our assessment of human CLI muscle biopsies. Finally, k in in vitro and in preclinical models, using currently available Dhh agonists, we demonstrate that improving endothelial cell function is an effective strategy to enhance ischemic muscle perfusion and repair.
Hindlimb Ischemia Models and Assessments
Hindlimb ischemia was induced by sequential ligation of the femoral and iliac arteries at day 0 and day 4, as previously described 19 (see Online Data Supplement for more details). To minimize pain caused by the surgery, mice were administered subcutaneously with 0.05 mg/ kg buprenorphin 30 minutes before and 8 hours after surgery.
To assess proliferation, mice were injected intraperitoneally with 50 mg/kg BrdU (Sigma) 24 hours before sacrifice. For assessment of muscle hypoxia, mice were administered intraperitoneally with 60 mg/kg pimonidazole HCL (Hypoxyprobe Inc) 1 hour before sacrifice. To assess capillary perfusion, mice were administered intravenously with 50 μL fluorescein isothiocyanate (FITC)-labeled BS1-lectin (vector) 30 minutes before sacrifice.
Mice were sacrificed by cervical dislocation 28 days after surgery. To assess histological analyses and gene expression, the tibialis anterior muscle was harvested and cut in half. The lower half was fixed in methanol, paraffin embedded, and cut into 7 μm sections, and the upper half was snap-frozen in liquid nitrogen. Each group included at least 6 animals. Only mice in which there was histological evidence of ischemia in the tibialis anterior muscle (revealed by hematoxylin and eosin staining) were included in the study.
In Vivo Permeability Assessment
To quantify vascular permeability, mice were injected in the tail vein with 50 μL 25 mg/mL 70 kDa FITC dextran 30 minutes before sacrifice. Microscopic visualization of FITC dextran extravasation was performed on paraffin-embedded tissue sections.
Lung Edema Assessment
Lung edema was quantified using the wet/dry weight ratio. The wet weight was measured immediately after the lung was harvested, whereas the dry weight was measured after the lung was incubated for 72 hours at 85°C.
EC Isolation From Mouse Tissue
Ischemic tibialis anterior muscles or healthy muscles were dissociated in 2 mg/mL type 4 collagenase for 1 hour at 37°C under agitation and subsequently filtrated on 70 and 40 μm cell strainers. ECs were labeled using rat anti-CD31 antibodies (BD Pharmingen Inc) and rat anti-Endoglin antibodies (Santa Cruz Biotechnology), then purified using anti-rat IgG MicroBeads (Miltenyi biotec) and MACS Cell Separation Columns (Miltenyi biotec) according to manufacturer's instruction.
Wire Myography
Femoral arteries, dissected and segmented (1.8-2.0 mm length), were mounted using 2 tungsten threads in a Mulvany myograph (Danish Myo Technology, Aarhus, Denmark) as previously described 20 (see Online Data Supplement for more details).
Corneal Angiogenesis
Corneal angiogenesis was assessed as previously described 21 (See Online Data Supplement for more details).
Immunostaining
Before staining, cells were fixed with 100% methanol for 10 minutes. Thoracic aortas were fixed with 10% formalin for 10 minutes immediately after they were harvested, washed with PBS, cleaned, and opened longitudinally. Muscle, heart, brain, and lung tissues were fixed in methanol, paraffin embedded, and cut into 7-µm-thick sections. Antibodies are fully described in the Online Data Supplement.
Quantitative Reverse-Transcription Polymerase Chain Reaction
Following manufacturer's instructions, RNAs were isolated and homogenized, from 3×10 5 cells or from skeletal muscle previously snap-frozen in liquid nitrogen, using Tri Reagent (Molecular Research Center Inc). For quantitative reverse-transcription polymerase chain reaction analyses, total RNA was reverse transcribed with Moloney Murine leukemia virus reverse transcriptase (Promega), and amplification was performed on a DNA Engine Opticon2 (MJ Research Inc) using B-R SYBER Green SuperMix (Quanta Biosciences). Primer sequences are reported in Online Table I . The relative expression of each mRNA was calculated by the comparative threshold cycle method and normalized to β-actin mRNA expression.
Cell Culture
In vitro experiments were performed using human umbilical vein ECs (Lonza) or human dermal microvascular ECs (Lonza). Human umbilical vein ECs were cultured in endothelial basal medium-2 supplemented with EGM-2 BulletKits (Lonza), whereas human dermal microvascular ECs were cultured in endothelial basal medium-2 medium supplemented with EGM-2MV BulletKit (Lonza). HeLa ATCC CCL-2 cells were cultured in Roswell Park Memorial Institute medium supplemented with 10% fetal bovine serum. Before any treatment, cells were serum starved in 0.5% fetal bovine serum medium for 24 hours. Cell culture assays and plasmids are described in the Online Data Supplement.
Statistics
Results are reported as mean±SEM. Comparisons between groups were analyzed for significance with the nonparametric MannWhitney U test or the Kruskal-Wallis test (for than 2 groups) using GraphPad Prism v7.0 (GraphPad Inc, San Diego, Calif). Differences between groups were considered significant when P≤0.05 (*P≤0.05; **P≤0.01; ***P≤0.001).
Results
Dhh Is Expressed in Adult ECs
In embryos, Dhh expression has previously been established in Schwann cells, Sertoli cells, and ECs. 22 Nevertheless, until now, the role of EC-derived Dhh has never been investigated.
Therefore, we decided to start our project by screening for Dhh expression in adult ECs from various organs and found that Dhh mRNA is enriched in the CD31 + fractions of adult mouse brain, heart, and lungs ( Figure 1A ). Additionally, we showed by immunostaining that Dhh protein is expressed by ECs in human adult skeletal muscle ( Figure 1B ). Moreover, while detecting low level of Ihh mRNAs consistent with previous literature, 23 Shh mRNA expression was barely detectable in cultured ECs ( Figure 1C ), attesting that Dhh is the main Hh ligand expressed by ECs.
Dhh Is a Downstream Target of Klf2 Regulated by Proinflammatory Factors and Flow Conditions
Then, we investigated mechanisms that control Dhh expression in ECs and found that Dhh is specifically downregulated by inflammatory cytokines including TNF-α (tumor necrosis factor alpha) and IL (interleukin)-1β and by oxidative stress (H 2 O 2 ; Figure 1D ). On the contrary, Dhh mRNA expression is significantly increased in ECs cultured under flow conditions ( Figure 1E ).
To investigate the molecular mechanisms involved in TNF-α-induced Dhh downregulation, we cloned the human Dhh promoter and performed gene reporter assays. We found that the Dhh promoter region regulated by TNF-α is included between base pair −124 and base pair −54 of the Dhh promoter ( Figure 2A ). Interestingly, within this promoter region, MatInspector software (Genomatix) identified 2 guanine, cytosine (GC)-rich regions potentially recognized by Klf2. We next verified that Klf2 is able to activate the Dhh promoter ( Figure 2B ). Indeed, Klf2 activates all Dhh promoter constructs, except for the −54 Dhh prom October 12, 2018 plasmid which does not include the 2 GC-rich regions potentially bound by Klf2 ( Figure 2C ). To confirm the role of these 2 GC-rich regions, located at base pair −74 (GC rich 1) and base pair −59 (GC rich 2) in mediating Klf2-induced Dhh promoter activation, we mutated each of these cis-regulating sequences ( Figure 2D ). As shown in Figure 2E , Klf2 is not able to activate the −124 Dhh prom plasmid when GC-rich 1 and GC-rich 2 sequences are mutated. Finally, to confirm the essential role of Klf2 in promoting Dhh expression in ECs, we downregulated Klf2 expression in human umbilical vein ECs through small interfering RNA transfection and found that Klf2 knockdown significantly inhibits Dhh expression in ECs ( Figure 2F ).
Altogether, these results demonstrate that Dhh is a direct transcriptional target of Klf2 in ECs and that Dhh expression is modulated by inflammation and disturbed flow.
EC-Derived Dhh Is a Critical Regulator of Endothelium Integrity
We then hypothesized that Dhh may mimic some of the Klf2 effects on EC function. Therefore, we performed cell culture assays in which Dhh expression was knocked down using small interfering RNAs. When Dhh expression is downregulated in ECs, Cdh5 (cadherin-5)-dependent junctions are altered and display a zig-zag phenotype ( Figure 3A) . Accordingly, Cdh5 interaction with β-catenin is significantly reduced, ( Figure 3B ) and EC monolayer permeability to 70-kDa FITC dextran is significantly increased ( Figure 3C ). The role of Dhh in maintaining adherens junction was then verified in vivo in mice in which Dhh expression has been specifically knocked out in ECs, that is, Pdgfb-cre Figure 3D ). The consequences of EC-EC junction alterations observed in the absence of endothelial Dhh were then measured after intravenous FITC-labeled 70-kDa dextran administration. As shown in Figure 3E and 3F, abnormal vessel leakage is observed both in the brain and in the heart of Dhh ECKO mice, which also display lung edema ( Figure 3G ).
Moreover, we showed that EC-derived Dhh is necessary to prevent EC activation: cell culture assays reveal that Dhh knockdown promotes both the expression of adhesion molecules such as VCAM-1 and ICAM-1 and the expression of inflammatory cytokines including IL-6 and Ccl2 (chemokine ligand 2; Figure 4A ). The increased VCAM-1 expression in Dhh ECKO vessels is confirmed in vivo in lung sections ( Figure 4B ). Finally, we measured the consequences of Dhh knockdown-induced EC activation on neutrophil infiltration in the lungs after mice were administered with lipopolysaccharide. As expected, the density of neutrophils is significantly higher in lipopolysaccharide-treated Dhh ECKO mice compared with lipopolysaccharide-treated control mice ( Figure 4C ), which confirms the essential role of Dhh in preventing ECs from acquiring a proinflammatory phenotype.
In conclusion, this set of data demonstrates for the first time that EC-derived Dhh, as well as Klf2, are essential in Figure 1 . Dhh is expressed by adult endothelial cells (ECs). A, ECs from mouse brain, heart, and lungs were labeled with anti-CD31 antibodies and magnetically sorted. Dhh mRNA expression was measured via RT-qPCR (reverse-transcription quantitative polymerase chain reaction) in both CD31 + and CD31 − fractions (n=4 mice/group). B, Human skeletal muscle cross sections were immunostained with anti-Dhh antibodies (in brown or green). ECs were identified using anti-CD31 antibodies. C, Shh (sonic hedgehog), Ihh (Indian hedgehog), and Dhh (desert hedgehog) mRNAs were quantified via RT-qPCR in human umbilical vein ECs (HUVECs). The experiment was repeated 3×, each experiment included triplicates. D, HUVECs were treated or not with 10 ng/mL TNF-α (tumor necrosis factor alpha), 10 ng/mL IL (interleukin)-1β, and 100 mmol/L H 2 O 2 for 6 h. Dhh mRNA was quantified by RT-qPCR. E, ECs were cultured under static or orbital flow condition. Dhh mRNA was quantified by RT-qPCR. ***P≤0.001, Mann-Whitney U test.
maintaining endothelial intercellular junction integrity and immune quiescence.
Restoring Dhh-Induced Signaling Prevents EC Dysfunction
To test whether Klf2 regulation of EC function depends on Dhh and to verify that Dhh knockdown participates to inflammation and diabetes mellitus-induced EC dysfunction, we then used either a small-molecule agonist of Smo, SAG (smo agonist) 24 or Dhh-conditioned medium to restore Dhh activity in TNF-α or glucose-treated cells in vitro and in lipopolysaccharide-treated mice or diabetic mice in vivo. We showed that conditioned medium from Dhh-overexpressing HeLa significantly reduces VCAM-1 expression induced by TNF-α ( Figure 5A ) but also VCAM-1 overexpression in cells transfected with Klf2 small interfering RNA ( Figure 5B ).
Moreover, we demonstrated that SAG restores Cdh5 interaction with β-catenin both in TNF-α and high-glucose-treated cells in vitro ( Figure 5C ) and that, while Cdh5 staining of glucose-treated ECs displays a zig-zag phenotype reflecting altered junction integrity, SAG-treated ECs have more linear junctions ( Figure 5D ). Consistently, in vivo, we observed that SAG administration prevents lipopolysaccharide-induced Cdh5 straining thickening of en face aortas ( Figure 5E and 5F) and lipopolysaccharide-induced impairment of the endothelial Cdh5-β-catenin interaction in lung extracts ( Figure 5G ).
The effect of SAG on endothelial NO synthase activity was then evaluated using vasomotricity tests ex vivo. We found a significant impairment of the acetylcholine-dependent femoral artery relaxation in diabetic mice compared with control, which is normalized in diabetic mice treated with SAG. Figure 2 . Dhh is a downstream target of Klf2 (kruppel-like factor 2). A, Human umbilical vein endothelial cells (HUVECs) were transfected with plasmids expressing luciferase driven by fragments of human Dhh (desert hedgehog) promoter. Luciferase activity was measured after cells were treated or not with 10 ng/mL TNF-α (tumor necrosis factor alpha) for 6 h. The experiment was repeated 3×, each experiment included triplicates. B, HUVECs were treated or not with 10 ng/mL TNF-α for 6 h. Klf2 mRNA was quantified by RT-qPCR (reverse-transcription quantitative polymerase chain reaction). C, HeLa were transfected with plasmids expressing luciferase driven by fragments of human Dhh promoter, together with a Klf2 expressing vector or an empty vector. Luciferase activity was measured 48 hours later. D, −80 to −50 sequence of human Dhh promoter, WT or mutated. E, HeLa were transfected with plasmids expressing luciferase driven by 124 bp of human Dhh promoter, WT or mutated, together with a Klf2 expressing vector or an empty vector. Luciferase activity was measured 48 hours later. F, HUVECs were transfected with Klf2 or control small interfering RNAs (siRNAs). Dhh mRNA was quantified by RT-qPCR. Both qPCR assays and gene reporter assays were repeated 3×, each experiment included triplicates. **P≤0.01; ***P≤0.001, Mann-Whitney U test. NS indicates not significant.
Importantly, in the presence of nitrous oxide donor nitroprusside sodium, we do not observe any difference between the 3 groups, which confirms that the relaxation comes as a result of an endothelial dysfunction and that the SAG acts by rescuing endothelial NO production ( Figure 5H ).
Altogether, these data, especially in vitro data, demonstrate for the first time that Dhh downregulation mediates TNF-α or high-glucose-induced EC dysfunction downstream of Klf2 and highlights the strong potential of Dhh agonist in preventing EC dysfunction. ) . B, β-Catenin interaction with Cdh5 (cadherin-5) was evaluated by coimmunoprecipitation assay. The experiment was repeated 5×. C, Endothelial monolayer permeability to 70 kDa fluorescein isothiocyanate (FITC) dextran was assessed using Transwells. The experiment was repeated 3×, each experiment included triplicates. D, Aortas were harvested from Dhh ECKO mice and their control littermates and stained with anti-Cdh5 antibodies (in red). Nuclei were stained with DAPI (in blue). En face staining is shown. E-G, Dhh ECKO mice and their control littermates were administered with FITC-labeled 70 kDa Dextran, 30 min before they were sacrificed. E, Brain cross sections were immunostained with anti-CD31 antibodies to identify ECs. Nuclei were stained with DAPI (blue). FITC dextran extravasation was quantified as the % of FITC+ surface area (n=5 mice/group). F, Heart cross sections are shown. FITC dextran extravasation was quantified as the % of FITC+ surface area (n=5 mice/group). G, Pulmonary edema was quantified as the ratio of wet/dry lung weight (n=14 and 20 mice/group, respectively). *P≤0.05, **P≤0.01. Mann-Whitney U test.
Human CLI Is a Model of EC Dysfunction
To study endothelial dysfunction in humans, we accumulated muscle biopsies from 25 CLI patients (Rutherford 5-6) and 10 control patients and performed a series of immunohistological analyses. As expected, we found that the muscle from patients with CLI shows myopathic features with the presence of immature muscle fibers, characterized by a smaller size ( Figure 6A ) and a significant increase in desmin-negative areas ( Figure 6B ) associated with increased fibrosis areas ( Figure 6C ). We then evaluated capillary density and, unexpectedly, observed no significant difference in capillary density in the muscle biopsies from CLI patients and those of control patients ( Figure 6D ). However, biopsy samples from patients with CLI show a significant increase in albumin extravasation, indicating abnormal vascular leakage ( Figure 6E ). Additionally, biopsies from patients with CLI show clear signs of inflammation, with a significantly higher density of macrophages. Notably, macrophages were all Mrc1 (mannose receptor C-type 1)+M2 macrophages ( Figure 6F ).
This set of data reveals that the phenotype of muscle biopsies from patients with CLI is characterized by a capillary density equivalent to that of healthy muscles. Nevertheless, muscle tissues from patients with CLI display clear signs of endothelial dysfunction, including increased vascular leakage and local inflammation. This microvascular dysfunction is associated with significant muscle damage.
Chronic Critical Limb Ischemia Is Associated With EC Dysfunction and Dhh Downregulation
We then designed experiments to explain the role of Dhh in endothelial dysfunction in the setting of ischemia. Since we wanted to closely mimic human CLI, we induced chronic limb ischemia in diabetic mice by sequential ligation of the femoral and iliac arteries. 19 In this model, 3 months after the onset of ischemia, blood flow in the ischemic leg remains very low, with an ischemic leg's blood flow/control leg's blood flow ratio below 0.4 (Online Figure IIA) . Unexpectedly, ischemic muscle capillary density is similar to that of healthy muscles (Online Figure IIB) , but capillaries are leakier (Online Figure  IIC) , and the muscle is inflamed with increased VCAM-1 expression and significant M2 macrophage infiltration (Online Figure IID) . Interestingly, this phenotype fully matches the phenotype of human CLI (Rutherford 5-6).
Altogether, these data show for the first time that both human and mouse ischemic skeletal muscle tissues display altered microvessel integrity in CLI condition but no variability in capillary density.
In following, we quantified Dhh expression in the ischemic muscle of diabetic mice having undergone sequential ligation surgery: Dhh mRNA expression was measured in ECs isolated from the ischemic muscle and compared with its expression in ECs from healthy muscles. Dhh expression is significantly lower in the CD31-positive fraction of ischemic muscles compared with that of healthy muscles (Online Figure IIIA) , suggesting that Dhh agonist may be used to improve EC function in this model. Importantly, expression of Dhh receptors Ptch1 and Smo are not modulated by ischemia (data not shown). In addition, we verified that Dhh regulation by Klf2 and Dhh regulation of Cdh5-dependant intercellular junction integrity still occur in hypoxic conditions (Online Figure IIIB and IIIC) and that SAG can reduce ischemia-induced capillary leakage and macrophage recruitment in Dhh ECKO mice. To do so, Dhh ECKO mice were randomly assigned to be treated with NaCl or SAG, immediately after the second hindlimb ischemia surgery was performed (ie, ligation of the iliac artery) and until sacrifice (Online Figure IIID and IIIE) . 
SAG Therapy Improved EC Function and Ameliorated Microvessel Perfusion Without Increasing Capillary Density
We then setup experiments to test Dhh agonist therapeutic potential; more specifically, we measured how Dhh agonist improves EC function and tissue perfusion in ischemic cardiovascular conditions like CLI, often combined with diabetic and chronic inflammatory disorders. 25 Similarly, to Dhh ECKO mice, diabetic mice were randomly assigned to be treated with NaCl or SAG, immediately after the second hindlimb ischemia surgery was performed (ie, ligation of the iliac artery) and until sacrifice. Interestingly, as opposed to the Hh ligands, [26] [27] [28] SAG has no proangiogenic properties. Indeed, quantitative analysis of CD31-positive element surface areas shows the absence of angiogenic response after implantation of corneal pellets impregnated with SAG (Online Figure IV) . Therefore, this model allows us to test whether reducing EC dysfunction without increasing capillary density is a suitable strategy to improve ischemic muscle perfusion.
As expected, SAG therapy does not modify capillary density within the ischemic skeletal muscle ( Figure 7A ). On the contrary, it significantly reduces the interstitial albumin-positive surface area ( Figure 7B ), VCAM-1, and SOD2 (superoxide dismutase 2) expression ( Figure 7C and 7E) and associated macrophage infiltration ( Figure 7D ). Altogether, these results demonstrate that SAG successfully decreases vascular leakage and EC activation but also restores ECs antioxidant capacity.
We then followed up by testing whether ameliorating EC dysfunction improves capillary perfusion. We first measured vessel perfusion by administrating mice intravenously with FITC-labeled BS1-lectin and found that the number Figure 5 . Restoring Dhh (desert hedgehog)-induced signaling prevents endothelial cell (EC) dysfunction. A, Human umbilical vein ECs (HUVECs) were treated or not with 10 ng/mL TNFα, in the presence of control or FL-Dhh containing culture medium. VCAM-1 mRNA expression was quantified via RT-qPCR. The experiment was repeated 3 times, each experiment included triplicates. B, HUVECs were transfected with Klf2 or control siRNAs, in the presence or not of 100 nM SAG. VCAM-1 mRNA expression was quantified via RT-qPCR. The experiment was repeated 3 times, each experiment included triplicates. C, HUVECs were treated or not with 10 ng/mL TNF-α (tumor necrosis factor alpha) and high glucose levels, in the presence or not of 100 nmol/L SAG (smoothened agonist). β-Catenin interaction with Cdh5 (cadherin-5) was evaluated by coimmunoprecipitation assay. The experiment was repeated 3×. D, HUVECs were treated or not with high glucose levels, in the presence or not of 100 nmol/L SAG. ECs were immunostained with anti-Cdh5 antibodies (in red). Nuclei were stained with DAPI (in blue). E-G, C57BL/6 mice were sacrificed 6 h after they were administered or not with 10 mg/kg lipopolysaccharide (LPS) together or not with 5 mg/kg SAG. E, Aortas were immunostained with anti-Cdh5 antibodies (in red). Nuclei were stained with DAPI (in blue). En face staining is shown (n=8 mice/group). F, Average junction thickness was quantified as the % of Cdh5 + surface area and normalized to the number of nuclei/HPF (n=5 aorta/group). G, β-Catenin interaction with Cdh5 was evaluated by coimmunoprecipitation assay in lung protein extracts. H, Femoral arteries were harvested from control (Ctrl) mice, and streptozotocin-induced diabetic mice treated or not with SAG therapy and submitted to vasomotricity tests. The cumulative concentration-relaxation curve to ACh and nitroprusside sodium (SNP) is shown. The response is expressed as the percentage of decrease of phenylephrine-induced precontraction. Values were normalized to an initial 80 mmol/L KCl-induced contraction level. *P≤0.05, **P≤0.01, Mann-Whitney U test. NS indicates not significant.
of lectin-positive compared with CD31-positive elements is significantly increased in SAG-treated mice ( Figure 8A ). We then measured the overall blood flow recovery in the ischemic foot and found that ischemic leg/control leg's blood flow ratio is increased by almost 140% in SAG-treated mice ( Figure 8B ). Moreover, we analyzed the myocyte phenotype and found that SAG significantly decreases desmin-negative areas, known to be associated with improved myocyte differentiation ( Figure 8C) , the myocytes acquiring a larger, square, and more regular shape ( Figure 8D ). In addition, MyoG (myogenin; Figure 8E ) expression level is significantly diminished in SAG-treated muscles, as well as cell proliferation (Figure 8 F) .
Taken together, these data demonstrate for the first time that the SAG therapy successfully improves ischemic skeletal muscle perfusion and recovery, through a significant upturn of EC function.
SAG Ameliorated EC Dysfunction and Ischemic Muscle Repair by Targeting ECs
Finally, to prove that ECs are the cells responding to the SAG and to verify that myopathy is prevented by treating EC dysfunction, endothelial Smo-deficient (Smo ECKO ) mice induced with diabetes mellitus underwent sequential ligation surgery coupled or not with SAG therapy for 24 days.
Compared with wild-type mice, SAG therapy does not induce any difference in the number of Cdh5-positive elements within the ischemic muscle of Smo ECKO mice (Online Figure  VA) , and conversely, the percentage of both albumin-positive surface area and macrophage density are comparable in Smo ECKO mice treated or not with SAG (Online Figure VB and VC). Moreover, SAG therapy does not increase foot perfusion in Smo ECKO mice treated or not with SAG as illustrated by the unchanged ischemic foot/control foot's blood flow ratio (Online Figure VD) . Finally, the SAG does not improve myocyte differentiation (Online Figure VE) .
About the previously observed effects of the SAG therapy, these data strongly support the assumption that Dhh agonist targets EC function via a Smo-dependent interaction at the EC surface because all the effects observed in wild-type mice are abrogated by endothelial Smo deletion. Consequently, ameliorating EC dysfunction appears to be a successful strategy to improve muscle perfusion and recovery in the setting of CLI.
Discussion Surprisingly, despite several developmental studies reporting Dhh expression at the endothelium, 22 Dhh function in adult ECs had never been explored before. In this article, we hypothesized for the first time that endothelial Dhh loss of expression in cardiovascular ischemic disorders may be a major molecular event triggering EC dysfunction downstream of Klf2.
Such a paradigm is supported by the literature, showing that Dhh is downregulated by several cardiovascular risk Figure 6 . Chronic critical limb ischemia is associated with endothelial cell (EC) dysfunction. Muscle samples were taken from control (Ctrl) patients (while undergoing saphenous stripping, at areas considered healthy by the surgeon, they had no history or clinical signs of peripheral artery disease; n=10), critical limb ischemia (CLI) patients (during bypass or amputations), at ischemic areas (Rutherford class 5-6, n=25). A, Skeletal muscle cross sections were stained with wheat germ agglutinin (WGA), Alexa Fluor 488 conjugates to identify membranes. Myocyte surface area was measured using Image J. B, Skeletal muscle cross sections were immunostained with anti-desmin antibodies to identify myocytes (brown), and impaired myogenesis was quantified as desmin-negative areas, C, Skeletal muscle cross sections were stained with Masson trichrome to identify fibrosis and quantified as light green surface areas. D, Skeletal muscle cross sections were immunostained with anti-CD31 antibodies to identify ECs (brown) and quantified as the number of CD31-positive, CD45-negative elements. E, Human skeletal muscle cross sections were submitted to immunofluorescence labeling with anti-albumin antibodies (red) and quantified as positive albumin areas. F, Human skeletal muscle cross sections were immunostained with anti-CD68 antibodies to identify macrophages (brown) and quantified as the number of CD68-positive elements. *P≤0.05, **P≤0.01, ***P≤0.001, Mann-Whitney U test. NS indicates not significant. October 12, 2018 factors, including age 13 and diabetes mellitus 11 and our data pointing the ability of SAG therapy to prevent TNF-α or highglucose-induced EC dysfunction. Additionally, SAG has been previously shown to prevent blood-brain barrier disruption induced by stroke 9 or HIV infection, 10 and we demonstrated before that it restores Cldn5 expression and prevents endoneurial capillary leakage associated to neuropathy in diabetic mice. 11 Interestingly, Klf2 has also been identified as a molecular switch regulating endothelial function in health and disease 29 by modulating the endothelial barrier function 1 and by preventing EC activation. 2 Here, we link Dhh as a downstream effector of Klf2. Indeed, we molecularly prove that Dhh is a direct transcriptional target of Klf2, supporting other studies in which Dhh modulation by Klf2 is shown in 2 microarray analyzes, one comparing the mRNA expression profile of human umbilical vein ECs transduced with a Klf2 expressing lentivirus versus empty lentivirus 2, 30 and the other comparing gene expression between double Klf2/Klf4 KO and wild-type ECs. 31 Moreover, we demonstrate that Klf2 regulation of EC function depends on Dhh; indeed, restoring Hh signaling using Dhh-conditioned medium decreases VCAM-1 expression in ECs transfected with Klf2 small interfering RNAs.
Importantly, unlike the transcription factor Klf2, Dhh is a secreted molecule of which activity can be mimicked by designed agonists, as it is already the case for Smo. Moreover, therapies currently available to improve EC activity, like angiotensin-converting enzyme inhibitors, angiotensin type-1 receptor antagonists, and statins, are limited by preventing only some features of EC dysfunction (including oxidative stress, proinflammatory phenotype, and endothelial NO synthase uncoupling). 32 Therefore, the SAG represents one of the best options to resolve EC dysfunction because of its wide spectrum of action.
In this article, we also establish that the ischemic muscle of patients with CLI presents a myopathic phenotype, without any changes in the number of capillary but with evident signs of microvessel disruption. Additionally, we demonstrate that targeting EC dysfunction significantly improves muscle perfusion with unmodified capillary density, leading to muscle damage alleviation. Therefore, our work opens up new prospects for alternative therapies to treat CLI.
Importantly, previous studies failed to clearly establish whether capillary density within the ischemic muscle is increased, diminished, or unmodified; however, 2 studies have reported altered capillary structure with significant thickening of the basement membrane. 33, 34 Interestingly, our study reveals that capillary density within the ischemic muscle of patients with CLI is equivalent to that of healthy skeletal muscles from control subjects. Indeed, 3 levels of biopsies performed for each patient with CLI, from the most ischemic area to the edge of amputation, display no significant changes in capillary density (data not shown). Moreover, we reveal a clear microangiopathy associated to ischemia, characterized by an increased capillary permeability coupled with muscle inflammation, reflecting EC activation. Importantly, this microangiopathy is consistently found in our mouse model and associated to significantly increased levels of VCAM-1 and ICAM-1 at the endothelium, together with decreased antioxidant properties.
Based on the assumption that an increased blood vessel density would improve tissue perfusion and lead to limb salvage, several proangiogenic therapies have been tested, first in animal models of hindlimb ischemia and then, under clinical trials, in patients experiencing ischemic disorders. The first results obtained in animals were very promising. 35, 36 Consistently, phase I clinical trials successfully demonstrated increased collateral vessel formation after arterial gene transfer of VEGF-A (vascular endothelial growth factor-A)-encoding plasmids in patients with CLI. 37 However, in the meantime, larger randomized clinical trials testing angiogenic therapies for intermittent claudication or CLI have given negative results. 38 The measured end points were amputation rates, decrease in pain, and peak walking time.
Because of our results, showing that capillary density is not diminished in the ischemic muscle of patients with CLI, and the mixed results obtained in previous studies with proangiogenic therapies, we assumed that stimulating capillary density may not be the best approach to sufficiently improve ischemic muscle perfusion and to reach a balance allowing muscle recovery and therefore limb salvage. To verify our hypothesis, we decided to further explore the role of EC dysfunction in the pathophysiology of CLI, of which symptoms are mainly linked to muscle ischemia, induced by macrovascular arterial lesions driving hypoperfusion. We show that ischemic muscles have normal capillary density, with evident signs of microvessel dysfunction. More importantly, we demonstrate that improving EC dysfunction in capillaries is a successful strategy to promote ischemic muscle perfusion and to prevent myopathy; indeed, we highlight that SAG therapy succeeds in restraining EC activation and vascular leakage and restores SOD2 expression. This leads to an improved capillary perfusion and a better myocyte organization, characterized by a lower desmin and MyoG expression and a wider myofiber cross-sectional area. This corroborates data from the literature showing that desmin expression level, together with a round shape of myofibers, are inversely correlated with calf muscle strength in patients with peripheral artery diseases.
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Conclusions
In conclusion, we demonstrate for the first time the critical role of Dhh-Klf2 signaling at the endothelium in cardiovascular ischemic disorders in adults. Indeed by using a novel mouse model displaying Dhh knockdown specifically in ECs, we prove that Dhh, downstream of Klf2, is essential to maintain endothelial integrity by tightening EC adherens junctions and preventing endothelial activation. Therefore, we identify Dhh as a novel target for the development of alternative therapies that would play on EC function but not angiogenesis, as proangiogenic strategies have failed to improve patient disabilities so far. . SAG (smoothened agonist) therapy improved microvessel perfusion and reduced myopathic features. Diabetic mice that underwent sequential femoral and iliac artery ligation were treated or not with SAG. A, Mouse skeletal muscle cross sections were submitted to fluorescence labeling (×260) of Isolectin-B4 to identify perfused vessels (green) and anti-CD31 antibodies (red) to identify ECs. Vessel perfusion was assessed with quantitative analysis of the ratio of Isolectin-B4-positive elements over CD31-positive elements. B, Perfusion ratio of ischemic limb over control limb on laser Doppler perfusion imaging. C, Mouse skeletal muscle cross sections were immunostained with anti-desmin antibodies to identify myocytes (brown; ×260) and quantified as % desmin-negative areas. D, Muscle cross sections were stained with wheat germ agglutinin (WGA), Alexa Fluor 488 conjugates to identify membranes. Myocyte surface area was measured using Image J. E, MyoG (myogenesis) mRNA expression was quantified via RT-qPCR (reverse-transcription quantitative polymerase chain reaction). F, Mouse skeletal muscle cross sections were immunostained with anti-BrdU antibodies to identify cell proliferation (brown) and quantified as the number of BrdU-positive elements. *P≤0.05, **P≤0.01, ***P≤0.001, Mann-Whitney U test. NS indicates not significant.
